A fter the HIV envelope fuses with a target cell plasma membrane to deliver the viral capsid into the cytoplasm, the viral genomic RNA is rapidly reverse transcribed into DNA. Soon thereafter within the HIV preintegration complex (PIC) in the host cell cytoplasm, HIV integrase (IN) activates the ends of the reverse transcripts by removing two nucleotides from the 3′ end of each strand through a process called 3′ processing to prepare for HIV DNA integration into chromosomal DNA. Three-prime processing makes the viral DNA vulnerable to autointegration, a suicidal side pathway in which the reactive ends attack viral DNA itself to produce deletion or inversion circles (1) . Autointegration is a problem faced by retroviruses (2, 3) and mobile genetic elements, including bacteriophages and retrotransposons (4-6). Different retroviruses have evolved unique ways to control autointegration. Moloney murine leukemia virus employs the barrier-to-autointegration factor, which protects viral DNA through compaction to promote intermolecular integration (2, (7) (8) (9) . We recently showed that the host SET complex, which contains three DNases (Ape1, Nm23-H1, and Trex1) and other DNA binding proteins, binds to the HIV PIC and protects it from autointegration (10) . Knockdown of SET complex genes leads to increased HIV autointegration and correspondingly decreased chromosomal integration, resulting in ∼2to 10-fold less HIV replication.
The SET complex is a base excision repair (BER) complex-Ape1 is the rate-limiting BER endonuclease and the two other nucleases in the complex are postulated to have BER proofreading functions (11, 12) . An important function of BER is to recognize and remove misincorporated uracils in DNA. The main target cells of HIV infection, CD4 T cells and macrophages, naturally contain unusually high cellular uracil content (e.g., 8 .4% of the total nucleotide pool or 1/4.4 dUTP/dTTP in macrophages, 12.2% of the total nucleotide pool or 1/4.2 dUTP/ dTTP in peripheral blood T lymphocytes, compared with 0.2% of the total nucleotide pool or 1/100 dUTP/dTTP in HeLa and many other mammalian cells) (13) (14) (15) . The HIV reverse transcriptase (RT) lacks proofreading activity and does not efficiently distinguish dUTP from dTTP. As such, HIV DNA generated in infected human immune cells likely contains uracils from misincorporation, although how much is unknown. Uracils in HIV DNA can also occur through cytosine deamination by APOBEC3 proteins that are highly expressed in immune cells. The HIV accessory protein Vif binds and inhibits A3G and APOBEC3F (16) . To replicate in a uracil-rich cellular environment, many viruses, including some retroviruses, encode a dUTPase, which limits cellular uracil concentrations and/or a uracil-DNA glycosylase (UNG) to remove uracil from viral DNA. Replication and maintenance of latency of dUTPase-deficient herpes simplex virus (HSV-1) are severely impaired in the murine nervous system where dUTP levels are high and cellular dUTPase is low (17) . Inactivation of the UNG gene of vaccinia virus also compromises its viability (18, 19) . Retroviruses that replicate via DNA intermediates are also subjected to the same threat by uracil. Some retroviruses, including β-retroviruses (Mason-Pfizer monkey virus, murine mammary tumor virus) and nonprimate lentiviruses (feline immunodeficiency virus, equine infectious anemia virus), encode a dUTPase. The retrovirusencoded dUTPase is dispensable for replication in dividing cells where the cellular uracil:thymidine ratio is low, but is essential for replication in nondividing cells, such as macrophages (20, 21) . Surprisingly, primate lentiviruses, such as HIV, encode neither dUTPase nor UNG, but still manage to replicate efficiently in nondividing cells with a uracil-rich environment. Previous studies suggested that host UNG2 is incorporated in HIV particles through interaction with viral Vpr or IN and hypothesized a role in removing uracils from HIV DNA (22, 23) . However, it is unclear whether HIV benefits from packaging UNG2, because viruses generated from human UNG2 −/− cells are as competent as those from WT cells, and suppressing UNG activity does not significantly affect HIV infection in macrophages (24) .
To investigate the impact of uracil misincorporation on HIV replication and to understand how HIV manages to replicate in the uracil-rich cellular environment in human immune cells, we developed a way to quantify uracil residues in HIV reverse transcripts during infection of its natural target cells. We find that HIV DNA reverse transcribed in primary human immune CD4 T cells and macrophages is heavily uracilated (>500 uracils per 10 kb genome, or more than one in five thymidines from each strand are replaced with uracils). These results suggest that vi- This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: nan.yan@utsouthwestern.edu or lieberman@idi.harvard.edu. This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1102943108/-/DCSupplemental. rion-associated UNG2 does not effectively remove uracils from HIV DNA in infected human immune cells, supporting the notion that UNG2 may be dispensable for early stage HIV replication (24) . We also found that uracilation of HIV DNA inhibits suicidal autointegration and increases viral infectivity using a single-round replication assay. Uracil misincorporation does not necessarily cause mutation per se because U:A pairs in chromosomal DNA are repaired faithfully by BER. Structural and enzymatic analysis of uracilated DNA and HIV IN suggests that uracil incorporation inhibits autointegration by inducing DNA distortions that block IN-mediated strand transfer, thereby favoring HIV DNA integration into chromosomal DNA in which uracil is efficiently removed. Thus, HIV tolerates, or may even benefit from, nonmutagenic uracil incorporation during reverse transcription in the uracil-rich environment of human immune cells.
Results
PCR Method to Estimate DNA Uracil Content. To estimate how many uracils are incorporated into HIV DNA in macrophages and CD4 T cells, we developed a PCR method. This method ("Taq/ Pfu PCR") is based on the fact that the archaebacterial DNA polymerase Pfu is strongly inhibited by uracil-containing DNA, whereas Taq DNA polymerase, which lacks proofreading like HIV RT, is not (25, 26) . A similar type of assay has been used to quantify uracil in DNA (27) . To assess the differential sensitivity of these polymerases to uracil, we tested the ability of both polymerases to amplify synthetic oligonucleotides (100 nucleotides in length of HIV gag sequence) containing zero, one, and three uracils as target templates using a pair of primers on the ends (Fig. 1A) . Taq was similarly efficient at amplifying all three templates, whereas Pfu only generated the expected PCR product with the uracil-free DNA template, confirming the inability of Pfu to replicate across uracils. To verify that the difference in detection of Taq and Pfu PCR products by agarose gel electrophoresis was not due to differences in polymerase activity or in detecting their products, we used SYBR green dye to track DNA synthesis in real time in both reactions and found that Taq and Pfu yielded similar cycle threshold (Ct) values with five randomly chosen primer pairs in the HIV genome and plasmid HIV DNA as template ( Fig. 1 B and C) . We then prepared cytosolic DNA extracts from HeLa-CD4 cells, which have a low endogenous ratio of dUTP/dTTP (15) , after overnight incubation with increasing amounts of dUTP in the culture medium and infection with a single-round vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped HIV bearing a luciferase reporter gene (HIV-Luc) (10) for 10 h. This time was chosen because reverse transcription is largely completed, whereas HIV DNA remains mostly in the cytosol and chromosomal integration has generally not yet occurred (10) . Cytosolic DNA was used as template for Taq and Pfu amplification with HIV gag primers. Taq yielded comparable amounts of HIV products regardless of dUTP supplementation, whereas Pfu PCR only yielded the expected 1-kb PCR product when cells were grown in the absence of added dUTP (Fig. 1D ). The absence of a Pfu PCR product suggests that at least one uracil was incorporated in each strand of the HIV reverse transcript within the region examined. We obtained similar results using two other pairs of HIV gag primers.
HIV DNA Synthesized in Infected Human Immune Cells Contains Many
Uracils. To estimate how many uracils are incorporated into HIV DNA in primary immune cells, we used the Taq/Pfu PCR assay to analyze cytosolic DNA from macrophages and CD4 T cells infected for 10 h with VSV-G pseudotyped or wild-type HIV (Fig. 2 ). Primer pairs were designed to amplify different size fragments from multiple locations throughout the HIV genome ( Fig. 2A ). Primer pairs amplifying longer regions are more likely to encounter a uracil (and thus block Pfu amplification) than primer pairs expanding shorter regions. The percentage of fragments of a given length that are "uracil positive" (amplified by Taq, but not Pfu), should provide a lower limit estimate of the number of total uracils incorporated into full length ∼10-kb HIV DNA. A "uracil positive" fragment should contain at least 2 uracils, one in each strand. Primer pairs (25 nucleotides long) were designed to examine regions of three sizes (1,075, 75, and 25 bp) to produce PCR fragments of 1,125, 125, and 75 bp, respectively. An array of Taq/Pfu PCR reactions was performed to determine which fragments are amplified by Taq, but not Pfu. In monocyte-derived macrophages (MDM) infected with VSV-G-pseudotyped HIV-GFP, Pfu amplified zero of two 1,075-bp regions, one of seven 75-bp regions, and three of eight 25-bp regions (Fig. 2B ). HIV DNA contains 133 75-bp regions, of which 6 of 7 (86%) were Pfu PCR negative and are expected to contain at least two uracils. This suggests that there are at least 133 × 6/7 × 2 or 228 uracils per 10-kb HIV DNA. Performing a similar calculation on the basis of the 25-bp amplicons of which five of eight were Pfu PCR negative, we estimate that there are at least 400 × 5/8 × 2 or 500 uracils per 10-kb HIV DNA. Smaller fragment size and more sampling should provide better resolution and a more accurate estimate. Pfu PCR negative fragments are not more AT rich than the other fragments in our panel. We repeated this uracil mapping experiment using CD4 T cells infected with VSV-G-pseudotyped HIV-GFP or wild-type HIV IIIB ( Fig. 2 C and D). Analysis of the 75-bp regions suggested a lower limit of 228 and 152 uracils, respectively, and analysis of the 25-bp regions suggested ≥400 uracils per HIV reverse transcript for both viruses. Thus, HIV reverse transcripts are heavily uracilated to a similar extent during infection of both macrophages and T cells.
Because our assay uses DNA extracted from multiple infected cells rather than a single infected cell and the lack of a Pfu signal requires that all of the HIV DNA copies in the sample contain uracil in at least one position on each strand, it is likely that the actual number of uracils in each HIV DNA may be higher than our lower limit estimate of 15-50 per kb. Because HIV DNA is AT rich (∼60%), at least 15-50 of 600 AT residues or ∼2.5-8.3% of thymidines were replaced by uracils during reverse transcription. This number should be compared with estimates of the ratio of dUTP/dTTP in macrophages and lymphocytes of 20-25% (14) , which could be considered an upper limit of the uracilto-thymidine ratio of HIV DNA synthesized in those cells. In contrast, in human chromosomal DNA it is estimated that 70-200 uracils are generated by cytosine deamination per day (<0.0001 per kb) (28) , and Ung −/− mouse embryo fibroblasts have ∼2,000 uracils per genome (0.001 per kb) (29) . In fact Taq and Pfu similarly amplified HIV chromosomal DNA in infected T cells. Therefore, HIV cytosolic DNA is heavily uracilated in human immune cells relative to chromosomal DNA.
HIV Reverse Transcripts Generated in Uracil-Rich Human Macrophages Are Less Susceptible to Autointegration than Transcripts Generated in Uracil-Poor HeLa Cells. We next examined how uracil incorporation affects the early steps of the HIV life cycle. We first compared the relative numbers of HIV late reverse transcripts, autointegrants, and integrated DNA copies in human MDM (which have dUTP/dTTP ∼1/4) (14) to HeLa-CD4 cells (dUTP/ dTTP ∼1/100) (15) after infection with an equal amount of VSV-G-pseudotyped HIV. Reverse transcription, autointegration, and chromosomal integration were measured 10 and 24 h postinfection (hpi) ( Fig. 3 A-C) . HIV infection in both cells generated similar amounts of late RT products, suggesting that HIV reverse transcription is not affected by high cellular uracil content in MDMs. In contrast, autointegration was severely reduced in MDMs (11-13% of that in HeLa-CD4 cells), and chromosomal integration increased in MDMs by three-to four-fold. Taq/Pfu PCR analysis (of a 400-bp region) of HIV cytosolic DNA from infected cells confirmed that HIV DNA is more uracilated in MDMs (Fig. 3D) . Thus, the high cellular uracil content in MDMs does not appear to impede HIV replication. On the contrary, the uracil environment may be beneficial for HIV to complete the early stages of the life cycle, by inhibiting suicidal autointegration and promoting productive chromosomal integration.
Uracil Incorporation in HIV DNA Inhibits Autointegration. To further investigate whether uracil incorporation promotes early steps of the HIV life cycle, we added increasing amounts of dUTP to the culture medium of HeLa-CD4 cells and then infected them 1 d later with VSV-G-pseudotyped HIV-Luc and measured HIV reverse transcription and autointegration 10 hpi and Luc activity 24 hpi (Fig. 3 E-G) . Addition of dUTP did not affect cell growth or viability during the 2-d period of the assay. dUTP treatment also did not affect HIV DNA synthesis in HeLa-CD4 cells (Fig.  3E) , consistent with the fact that HIV RT does not distinguish between dUTP and dTTP. In contrast, HIV autointegration was inhibited in a dose-dependent manner by adding dUTP (Fig. 3F) . Luc activity increased twofold in cells treated with the highest dose of dUTP, suggesting that dUTP treatment increased HIV replication, perhaps by reducing suicidal autointegration.
C-to-U Hypermutation by APOBEC3G Inhibits HIV Autointegration. We next examined the effect on HIV autointegration of introducing uracils into HIV DNA by an alternative method, cytosine deamination by A3G (30) . A3G is an intrinsic antiviral host protein counteracted by HIV Vif (16) . We generated HIV-LucΔvif viruses containing no A3G or increasing amounts of wild-type A3G or A3G-E259Q (an enzymatically defective mutant) (31) by transfecting virus-producing 293T cells with increasing amounts of A3G expression plasmids (Fig. 4A ). Viral stocks were normalized on the basis of HIV capsid (p24) level measured by ELISA and were used at equal capsid protein levels to infect HeLa-CD4 cells (which do not express A3G). Incorporation of A3G and A3G-E259Q viruses reduced HIV late RT, consistent with a previous report that A3G blocks HIV reverse transcription independently of its deaminase activity ( Fig. 4B and ref. 32 ). To assess the effect of increased uracilation of HIV reverse transcripts, we normalized the number of autointegration events to the number of reverse transcripts generated under each condition. Incorporation of enzymatically dead A3G into virions did not affect the amount of autointegration per reverse transcript, whereas wild-type A3G inhibited autointegration. Thus, uracilation of HIV DNA by A3G also inhibited HIV autointegration. However, we did not observe a corresponding increase in overall HIV-Luc activity, perhaps because A3G inhibits multiple steps of the HIV life cycle (32, 33) , offsetting its effect of preventing autointegration.
Uracil Incorporation Alters HIV DNA Structure. To understand why HIV DNA uracilation might inhibit autointegration, we first asked whether replacing thymidines with uracils (i.e., removing the 5-methyl group of thymidine) distorts HIV DNA structure. The 5-methyl group of thymidine protrudes into the major groove of DNA and is important for base stacking and structural stability of the DNA. Removing the 5-methyl group increases the minor groove size and affects DNA-protein interactions (34) (35) (36) . The structure of HIV gag DNA (50-bp sequence) synthesized with either thymidines (T-DNA) or uracils in place of thymidine (U-DNA) was compared by circular dichroism (CD) spectrometry and thermal denaturation ( Fig. 5 ). U-DNA displayed a significant blueshift in the 245-to 300-nm range of the CD spectrum compared with T-DNA ( Fig. 5A) . A similar blueshift was also observed when Bromo-dU was used to replace thymidine and has been attributed to turn structure distortion (37) . U-DNA also showed reduced thermostability compared with T-DNA by melt curve analysis, in which the release of the SYBR green DNA dye was measured as a function of temperature (Fig. 5B, Upper) . U-DNA consistently displayed a melting temperature 2°to 3°lower than T-DNA ( Fig. 5B, Lower) , indicating that uracil-containing DNA has reduced thermostability. Taken together, we conclude that uracilation significantly alters the structure and stability of DNA.
Uracil-DNA Inhibits Integration by HIV IN. We next examined whether uracil-induced DNA structural changes in target DNA might inhibit HIV IN strand transfer. We used an in vitro integration assay in which recombinant HIV IN catalyzes half-site integration (joining of only one strand of dsDNA) of a donor and a target DNA (38) . This assay is often used to characterize IN strand transfer activity and assess host factors, such as LEDGF, that influence integration (39) . In the assay, the donor DNA (50 bp, HIV U5 sequence) contains a recessed CA dinucleotide end that mimics the processed viral DNA end. The target DNA contains non-HIV sequence (300 bp, AT = 53%; Materials and Methods), which allowed us to perform the assay with either recombinant IN and synthesized donor DNA or with HIV PIC isolated from infected cells. Target DNA samples that contain all T, half T/half U, or all U were used to determine the effect on integration of uracil in the target strand. U5 DNA integration products were detected by a semiquantitative nested PCR assay [similar to the Alu-PCR method used for quantifying integrated HIV DNA (ref. 40 and Fig. 5C) ]. In the first PCR, a successfully integrated product containing both a donor and a target DNA molecule can be amplified only by using all three primers (ABC), but not by A or BC alone. PCR products from the first PCR step are heterogeneous in length (Fig. 5D ), representing integration events that occurred at multiple sites along the target DNA. All DNA products from the first PCR contain the donor DNA sequence, which was then amplified by "nested" qPCR (with primers A and D). Recombinant HIV IN robustly catalyzed half-site integration into target DNA that contained no uracil, as previously described ( Fig. 5 D and E and refs. 38, 39) . In contrast, half T and half U (T/U) or all U in the target DNA completely inhibited integration, suggesting that IN strongly disfavors uracil-containing target DNA. To confirm these results, cytoplasmic extract from infected HeLa-CD4 cells (10 hpi) was used as a source of native HIV IN and donor DNA, which was incubated with the same target DNA oligonucleotides as above, containing varying T/U ratios. Although PICs support efficient concerted integration of endogenous U3 and U5 donor DNA ends (41) , our assay monitored U5 end joining only. Integration occurred with T-DNA, but not with T/U-or U-DNA (Fig. 5F ). Although HIV PIC IN formed only a fraction of integration products compared with the recombinant enzyme, these results clearly demonstrate that uracilation of target DNA inhibits HIV integration in vitro.
To determine how much uracil in target DNA is required to inhibit integration, we performed a dose-response in vitro integration experiment using varying levels of dU in the target DNA ( Fig. 5 G and H) . Integration was inhibited by only 10% dU (of total dT + dU) in target DNA; 20% dU almost completely blocked integration. Because at least 8%, and possibly as much as 25%, of thymidines in HIV DNA in macrophages and CD4 T cells are replaced by uracil, our data suggest that HIV uracilation contributes to blocking autointegration in a physiologically relevant way.
Discussion
In this study, we provide direct evidence that HIV DNA generated in infected primary human immune cells is heavily uracilated and that uracilation protects HIV DNA from the suicidal pathway of autointegration, facilitating chromosomal integration. Our results suggest that at least 8% of thymidines in HIV DNA in macrophages and CD4 T cells are replaced by uracils. A more accurate estimate of the degree of uracilation could be obtained by refining the Taq/Pfu PCR assay to amplify smaller segments than the smallest region we examined (25 bp) using fewer infected cells. In the immune cells that HIV infects, uracil: thymidine ratios approach 25%, and because HIV RT uses either base equivalently, freshly reverse transcribed HIV DNA likely contains about 20-25% uracils in place of thymidine. Several studies have suggested that UNG2, the major mammalian UNG, is packaged into HIV virions. However, it is unknown whether UNG2 is contained within the reverse transcription complex and retained as it matures into the PIC or whether it acts on nascent HIV reverse transcripts. Our results do not exclude the possibility that viral-associated UNG2 is active. However, much of the incorporated uracil in HIV DNA is retained in cytosolic HIV DNA. Virions produced in cells lacking UNG2 activity have no replication defect (24) , indicating that HIV tolerates a high degree of uracilation. Because BER is highly efficient within the nucleus, it is likely that incorporated uracils in integrated chromosomal HIV DNA are efficiently removed and faithfully replaced by thymidines once integration has occurred.
HIV IN favors integration (for both integration and autointegration) (10, 42, 43) into target DNAs at sites that loosely match an 11-bp consensus sequence containing approximately four to seven thymidines. Thus, many available autointegration sites would contain at least one nearby uracil. We showed here that uracilation of target DNA inhibits IN strand transfer. Thus, uracilrich HIV cytosolic DNA is a poor target for (auto)integration compared with uracil-poor chromosomal DNA. Lentiviral IN may have evolved to enhance chromosomal integration in uracil-rich cells. Structural changes caused by uracilation could have a detrimental effect on IN targeting. Indeed, the recently solved structure of the prototype foamy virus (PFV) IN multimer in complex with DNA oligomers revealed that the major groove is severely widened and minor groove compressed at the site of integration (44, 45) . Replacing thymidines with uracils, which involves removal of the 5-methyl group of thymidines, expands the minor groove, thereby potentially creating structural hindrance for IN access to inhibit strand transfer. 5-methyl groups of thymidines lying within the core of the target DNA integration site directly contact PFV IN in the cocrystal structure (44) . Thus, replacing these thymidines with uracils could affect IN binding.
In addition to a role in protecting HIV from autointegration, uracilation of HIV reverse transcripts might influence other events in the early phase of HIV replication. We recently found that HIV DNA can be recognized by an unknown innate immune DNA cytosolic sensor in macrophages and T cells to trigger production of type I interferons. Cytosolic HIV DNA uracilation might interfere with nucleic acid detection in the cytosol that could potentially activate innate immunity (46) .
We previously showed that the host SET complex inhibits HIV autointegration by binding to HIV DNA soon after reverse transcription in the cytosol (10) . Here we found that intrinsic uracilation of HIV DNA in natural target cells also reduces autointegration. Both processes (SET complex binding and HIV DNA uracilation) can independently inhibit autointegration. For example, the SET complex inhibits HIV autointegration in HeLa-CD4 cells, where HIV DNA is not uracilated (10) , and uracilated target DNA blocks IN-mediated strand transfer in vitro in the absence of the SET complex (Fig. 5D ). However, it is likely that these two mechanisms also act in concert. The SET complex has BER activity (11, 12) . Because one BER function is to repair misincorporated uracils, the SET complex may recognize and bind HIV DNA via its uracils. In fact, HMGB2, a component of the SET complex, preferentially binds to distorted DNA structures. We envision a model in which HIV DNA is uracilated during reverse transcription, which attracts the SET complex to bind. SET complex binding to these uracilated regions of HIV DNA in the cytosol then shields them from autointegration. It may be that the SET complex does not repair HIV DNA uracils in the cytosol, where the abundance of other downstream BER pathway enzymes may be limiting. Because the SET complex shuttles between the cytosol and the nucleus (47) , it may traffic with HIV DNA into the nucleus for integration and then mark the spots of uracil incorporation for BER within the nucleus. Further studies are needed to investigate these possibilities.
Materials and Methods
Human CD4 + T cells and macrophages were isolated from PBMC as in ref. 46 . HIV IIIB , HIV-Luc, and HIV-GFP were generated as in ref. 46 . HIV DNA products were analyzed as in ref. 10 . In vitro integration assay was performed as in ref. 38 . Taq/Pfu PCR details and other additional information are available in SI Materials and Methods.
In Vitro Integration Assay. Recombinant HIV IN was purified as previously described (3). Half-site integration assay was performed as described in ref. 3 with some modifications. Donor DNA was obtained by annealing two synthesized cDNA oligos (Donor DNA Sense and Antisense, Table S1 ) to make dsDNA with one blunt end and 3′-CA recess on the other end. Target DNA was synthesized by PCR using a pair of primers (pcDNA 300 Fwd and Rev) and pcDNA3 plasmid as a template. Different dTTP/dUTP ratios were used as free nucleotides for the PCR to generate templates containing different T/U ratios, and PCR products were subsequently purified by phenol/chloroform extraction and ethanol precipitation. Two microliters of HIV-1 IN (9 μM) in 750 mM NaCl, 2 mM DTT, 20 mM Tris-HCl, pH 7.4 buffer, 1 μL each of donor DNA (30 μM, or 1 μg/μL) and target DNA (6 μM or 1.2 μg/μL) were added to 36 μL reaction buffer containing 25 mM NaCl, 5.5 mM MgSO 4 , 11 mM DTT, 4.4 μM ZnCl 2 , 22 mM Hepes-NaOH, pH 7.4. Reactions were incubated at 37°C for 1 h and stopped by adding 2 μL EDTA (0.5 M), 2 μL 10% SDS and 1.5 μL of protease K (20 mg/mL; Ambion), and further incubated at 37°C for 30 min. DNA from the reaction mixture was isolated by phenol/chloroform extraction and ethanol precipitation. Joined DNA products were detected by first amplifying using a three-primer (primers A, B, and C, Table S1) PCR followed by agarose gel electrophoresis. PCR program was 95°C/5 min, 30 cycles of 95°C/30 s-58°C/30 s-72°C/30 s, and then 72°C/7 min. Residual donor and target DNA migrate as 50and 300-bp bands, respectively. Joined DNA products migrate as heterogeneous bands between 70 and 200 bp. Joined DNA was quantified by "nested" qPCR using diluted first PCR products as templates and a pair of primers (primers A and D) targeting a donor DNA sequence present in all joined DNA products. Table S1 . Circular Dichroism and Melt Curve Analysis. Circular dichroism experiments were performed on an AVIV 62DS circular dichroism spectropolarimeter, equipped with a Peltier effect temperature controller. Using a cell with a path length of 0.1 cm, each sample was scanned five times from 220 to 320 nm at 25°C, in 1-nm steps with a signal averaging time of 3 s/nm. The resulting average spectra were baseline corrected and plotted. Both T-DNA and U-DNA were obtained by annealing respective sense and antisense oligonucleotides synthesized by IDT. Melt curve analysis was carried out using the Melt Curve analysis program with a Bio-Rad CFX96 real-time PCR machine. A derivative plot calculating the melting temperature was generated by the accompanying software (Bio-Rad; CFX Manager). Table S1 . Primers used in this study
